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Dramatic reductions have been achieved in alloyed and non-alloyed contact resistance to n-

‘. »

: : type InGaAs through the use of an InAs cap layer. We report best ever specific contact resistances
0y

*c of 2.6x1078 Q*cm? and less than 1.7x1078 Q*cm? for non-alloyed and alloyed contacts. respec-
o tively. Application of this contacting technique to the source and drain of FET structures and to
o

:'... the emitter and perhaps base of HBT and HET structures is expected to produce improvements in
)

" device performance and reproducibility.

o

b Results on the use of an InAs cap layer on an InGaAs/InAlAs double HBT have already been
" reported. For a 50 um x 50 um active device area, we reported a highest ever common emitter
o po g

b

‘st current gain of 1500 at collector current densities of 2.7x10° A/cm3, with an offset voltage of less
e than SO mV.

3 dl‘

e

K. A systematic investigation of the In,Ga,_yAs/Aly;5GaogsAs pseudomorphic MODFET has
™

' revealed an optimum InAs mole fraction of 0.15<y<0.20. Meanwhile, continuing studies of the
I

h

InGaAs/GaAs strained layer MQW by optical transmission and photoreflectance have displayed
sharp spectral features, revealing the excellent optical quality of the samples. With good agree-

.‘ ment between the measured spectra and our band structure model, an increased understanding of

-
-

the InGaAs/GaAs strained layer heterojunction has been achieved. Fabricating InGaAs/GaAs MQW

¥
: structures into p-i-n optical modulators, large 27% changes in transmission have been reported.
h Operating this MQW electroabsorption optical modulator as a Self- Electrooptic Effect Device, we
E have reported the first demonstration of this device in the InGaAs material system.
.
: Growth of InGaAs/GaAs superlattices, as well as GaAs/AlGaAs superlattices. on Si substrates
l
has also been perfcrmed with sharp spectral features again revealing the good quality of the epi-
:: layers. Meanwhile, investigation of thermal annealing of the GaAs/Si heterointerface has
i
g
e
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proceeded. Significantly, the electrical characteristics of the annealed p-GaAs/n-Si heterojunction is

observed to approach those of in-situ grown p/n homojunctions. Extrapolated C-V intercept vol-
:;';‘;v tages uniformly approach their predicted 1.17 V value. Ideality factors all improved with anneal-
\ ing with values as low as 1.5, while leakage currents were reduced by three orders of magnitude.
A These junction characteristics are acceptable for device applications. An integrated GaAs/Si HBT
?“:‘1 has therefore been proposed with potentially superior high speed performance, and proper transis-

3 tor action in such a device has been observed.

A An InGaAs/InAlAs HET with a 600 A thick base has displayed best hot electron transfer

LA a

ratios and differential hot electron transfer ratios of 0.91 and 0.98, respectively. Meanwhile, a

I
W

)y §
v .

peak ballistic transfer ratio of 0.82 was reported in this structure, along with the observation of a

ol
AL

transmission resonance above the collector barrier.
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II. Progress Made

Low Resistance Contacts

. Using an InAs contact layer, we have reported extremely low alloyed and non-alloyed n-type
ohmic contact resistances on Ings3Gag47As/Ing s;Alp 43As structures grown on InP. Using an
extended Transmission Line Model, specific contact resistances of 2.6x1078 Q*cm? and
2.9x10~!! Q*cm?, with corresponding transfer resistances of 0.018 Q*mm and 0.0006 Q*mm, were

measured for the non-alloyed and alloyed contacts. respectively. Given the standard error in the

measured resistances. however, we reported an alioyed "specific contact resistance of only
1.7x1078 Q*cm2. Nevertheless, these ohmic contact resistances are by far the best values ever
achieved in this material sysiem to date. Investigation of p-type ohmic contacts using the InAs cap

layer are currently under way. Additionally, use of a strained InAs cap layer on GaAs/AlGaAs

» structures is also under investigation.
W

Field Effect Transistors

With the uniformity and observed reproducibility of the low resistance non-alloyed contacts,
5 specific device applications for this InAs cap layer are clearly envisioned. One application of this

contacting technique is in the formation of low resistance contacts ot the source and drain of FET

Y device structures. Preliminary results on an InGaAs/InAlAs MODFET reveal transfer resistances of
[ the source and drain contacts of less than 0.08 Q*mm. For the devices investigated to date, highly
[
‘ uniform room temperature transconductances of around 250 mS/mm have been measured repeat-
»
e edly for 1 um gate lengths. Using optimized processing, further reductions in contact resistance are
h\ L
)
k)

expected, which should result directly in improved transconductances.
)
.
4 Doped channel InGaAs MISFETs with an InAs cap layer have also been investigated. These
. doped channel structures offer potentially larger current capabilities and transconductances because
: of their higher channel carrier densities. with reductions in carrier mobilities not expected to
¢ dramatically reduce performance in submicron gate-length devices. With low transfer resistances
N
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of less than 0.08 Q*mm, devices with 1 um gate lengths exhibited transconductances of 125
mS/mm at 300 K and 275 mS/mm at 77 K. while displaying excellent pinch-off and saturation
characteristics. These preliminary results should improve significantly with optimization of the
device structure. Meanwhile, increased current driving capability is also being investigated through
the use of multiple channels in a pseudomorphic MODFET. Devices with two and three channels

have demonstrated increased currents while maintaining excellent cut- off characteristics.

Finally. work has continued on the study of In,Ga,_,As/GaAs strained layer multiple quan-
tum wells (MQWs) to better understand the characteristics of the InGaAs/GaAs heterojunction.
These studies have been pursued in efforts to achieve better psuedomorphic MODFET device perfor-
mance. Using low temperature optical transmission and room temperature photoreflectance, sharp
transistions were observed in the measured spectra revealing the excellent optical quality of the
samples, with excitonic transitions up to 3C-3H (3rd conduction and 3rd valence heavy-hole sub-
bands). Using Kane's three band model (including strain effects). calculation of the band structure
was performed showing good agreement with measurement. By fitting the experimental results, a

heavy-hole valance band discontinuity of 30% was obtained for 0.13<y <0.193.

Applying our understanding of the InGaAs/GaAs strained layer heterojunction,
InyGa,_yAs/Aly 15Gag gsAs pseudomorphic MODFETSs were systematically investigated to determine
the optimum InAs mole fraction and InGaAs well thickness. From detailed characterization by
transmission electron microscopy (dislocation images), Hall measurement (mobilities anq sheet car-
rier concentrations), and photoreflectance (energy subband transitions), we reported a peak in dev-
ice performance for InAs mole fractions 0.15€y<0.20: for a 1 um gate device with a
150 & Ing20Gag 30As quantum well, an extrinsic transconductance of 310 mS/mm was reported at

room temperature.
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Multiple Quantum Well Optical Modulators

Transmission measurements on undoped as well as heavily modulation doped GaAs/AlGaAs
multiple quantum wells (MQWs) have been extensively studic¢ to examine the mechanisms that
influence the excitonic absorption lineshape. Optical modulators based upon the strong field depen-
dence of optical absorption (electroabsorption) have previously been demonstrated. Namely, using
the quantum confined Stark effect. AlGaAs/GaAs MQW p-i-n modulators were demonstrated.
Through our continuing studies of InGaAs/GaAs strained layer MQWSs, we have extended our
research towards the investigation of an InGaAs/GaAs MQW optical modulator. Operating in tl;e
far infrared. the InGaAs material is of considerable interest l;ecause of its compatability with opti-
cal communication systems. Using photocurrent and transmission measurements, large excitonic
absorption resonances were observed at room temperature in the InGaAs/GaAs MQW structure.
Fabricated into p-i-n optical modulators. changes in the transmission of 27%. corresponding to a
change in the abosorption coeflicient of 2260 cm™, were recorded for an applied reverse bias of 6 V,
at a wavelength of 0.97> um. Operating this MQW electroabsorption optical modulator as a Self-
Electrooptic Effect Device, the first demonstration of clear non-linear optical input-output charac-
teristics was reported for this important material system. Investigation of an InGaAs/GaAs MQW
optical modulator on a Si substrate are currently under way. The realization of this structure will

offer exciting possibilities in combining optical communication systems with Si circuits.

GaAs on Si

In our on-going research into growing III-V semiconductors on Si substrates, the growth of
GaAs/AlGaAs and InGaAs/GaAs superlattices on Si substrates was investigated using
photoreflectance studies to determine the quality of the epilayers. We have reported sharp spectral
features from various subband tranisitions indicating good quality of the epilayer using suitable

growth techniques.

The investigation of thermal annealing on the properties of the GaAs/Si heterojunction has

proceeded in collaboration with N. Otsuka of Purdue University. P. Gourley of Sandia National
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Laboratories. and P. Raccah of the University of Illinois at Chicago. Plan-view TEM has revealed
dislocation densities of the annealed samples in the low 10° cm™ range, a three to four orders of
magnitude reduction from the as-grown samples. As expected. threading dislocations are dramati-
cally reduced with annealing, v/hile a network of misfit dislocations is enhanced. Notably, the
~100 A spacing between the misfit dislocations agree well with the theoretical spacing of
mismatch accommodation by only Type I dislocations (99 &). Using a larger field scanning photo-
luminescence technique, defect densities of samples annealed at 850 °C were measured to be
1x10% cm™? and 6x10® cm™ for shallow and deep excitation. respectively. Finally, preliminary
electroreflectance studies have been performed suggesting a cor;xpressive strain of the GaAs localized

within =600 A of the heterointerface.

Applying the results on the quality of the GaAs on Si to refined growth and processing. the
electrical characteristics of the heterointerface was investigated in a p-GaAs epilayer on n-Si sub-
strate diode. As previously reported. capacitance-voltage measurements performed on as-grown
GaAs on Si samples displayed extrapolated intercept voltage values varying from 1.5 to 2.5 V
between Si wafers. After annealing for 20 min at 850 °C, the intercept voltages were found to

approach their predicted value of 1.17 V with the variation in intercept voltages between Si wafers

dramatically reduced. The effects of annealing were also observed in the enhancement of current-

o

f.;: voltage characteristics. Ideality factors as low as 1.5 were measured for the annealed p-GaAs/n-Si

25

:\:: diode, as compared to values greater than 2 measured for the as-grown diodes. Similar improve-
)

o .

°® ments were also exhibited in the reverse bias properties with a three orders of magnitude reduction

LR

_:\ in leakage current achieved as a consequence of annealing. These results show that possible inter-

\':-.

',"_;-f: face reconstruction between Si and GaAs reduce. if not eliminate, the postulated large electric field

S9N

° at the GaAs/Si(100) interface.

34

Achievement of excellent junction properties between Si and GaAs suggest the integration of
e GaAs and Si within the same device. Pursuing the realization of such a novel device, a study was

undertaken to examine the potential performance of a n-AlGaAs emitter, p-GaAs base on a n-Si
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collector heterojunction bipolar transistor {HBT). Such a device structure combines the high fre-
quency capability of the GaAs/AlGaAs system with the advanced processing technology of Si.
Detailing a possible implementation of a GaAs/Si HBT, dramatic reductions in device parasitics are
anticipated from its self-aligned structure. Using a compact transistor model. calculations of the
high speed capability of the transistor were performed revealing performance values superior to
those predicted for realizable GaAs/AlGaAs HBTs with equivalent design parameters. Specifically,
optimized f ., = 110 GHz and f,, = f, = 94 GHz were predicted for the GaAs/Si HBT as compared
to 108 GHz and 76 GHz, respectively, for a comparable GaAs/AlGaAs HBT. As these simulations
made use of fairly conservative dimensions and device pﬁrameters. the simulated results are
encouraging and suggest further investigation of this device. Efforts to realize the GaAs/Si HBT are
currently under way. Investigating relatively large dimension transistor structures, preliminary

results on the GaAs/Si HBT show proper transistor action.

Heterojunction Bipolar Transistors

In our study of the heterojunction bipolar transistor (HBT), analysis of an Ing 53Ga, 47As/InP
double HBT (DHBT) was performed to determine the relative merits of this material system.
Using a compact transistor model, optimized current gain cutoff frsquencies in excess of 150 GHz
and a maximum oscillation frequency of 138 GHz are theoretically predicted for an

Inp/lno‘53Gao_47AS transistor.

Meanwhile, in conjunction with our simulations of device performance, an
Ing 53Gag 47As/Ing 55Aly 43As double heterojunction bipolar transistor (DHBT) was investigated
using the InAs contacting technique. This high current handling device is of significant practical
importance in driving lasers in opto-electronic integrated circuits. With specific contact resistances
of less than 1.5x1077 Q*cm? for non-alloyed n-type contacts, maximum common emitter current
gains of 1500 are reported at collector current densities of 2.7x10% A/cm®. To our knowledge. this
is the highest current gain reported for this HBT structure prepared by MBE. Note that the com-

mon emitter output characteristics of this reported structure exhibited an offset voltage of less than
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50 mV. Further optimization of the device structure is currently proceeding. Additionally. inves-
tigation of a p-n-p InGaAs/InAlAs DHBT is also under way. Finally, we hope to eventually per-

form microwave measurements on these transistors. which currently await a new microwave test

fixture.

Hot Electron Transistors

Work has continued in the exploration of Ings3Gag¢7As/Ing s2Aly (sAs hot electron transistors
(HET). While the HET is typically operated at low temperature to reduce the background thermal
current and thereby enhance the injected current, the large conduction band discontinuity between
Ing 53Gag 47As and Ings;Alg 4gAs permits operation of the InGaAs/InAlAs HET at elevated tempera-
tures. With a reduced thickness of the base transit region (600 &), collection of nonthermal elec-
trons was observed at 300 K. A differential transfer ratio =0.35 was measured at the hot electron
peak at room temperature. At 77 K, an impressive «=0.98 hot electron transfer ratio was meas-
ured with a corresponding dc transfer ratio of 0.91. These hot electron gains are superior to those

previously reported for GaAs/AlGaAs and InGaAs/InAlAs HETs with even thinner base layers.

Meanwhile, investigation of ballistic transport througﬁ the 600 A thick base of the HET was
further pursued. We have reported a 77 K peak ballistic transfer ratio of 0.82. The appearance of
a secondary conductance peak near V=0 in these results is attributed to a transmission resonance
‘n the energy continuum above the collector barrier. Due to thermal smearing effects at 77 K, reso-

lution of the multiple energy peaks from the resonant (virtual) states was not resolved; rather, a

single diffuse resonant enhanced peak was observed. Further improvements in the performance of

Y

our hot electron transistors is currently limited by our ability to achieve reproducible. low resis-

CNEATREN

A

tance ohmic contacts to the thin base (and emitter) layer. Use of the InAs cap layer for extremely

A
]

low non-alloyed ohmic contacis should greatly improve measured ballistic tranport characteristics. i

4

£

with potentially useful device gains.
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A more detailed presentation of our results are given in the abstracts of some representative

papers. included in the following pages. For those desiring to review the complete papers, we have
e provided cross referencing of the attached abstracts with the list of latest publications. This
]

:}.‘ attached list of publications includes essentially all the journal articles and conference abstracts
L

e printed and/or submitted in 1987, including AFOSR supported research as well as research sup-

At ported by other grants.
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III. Representative Papers

EXTREMELY LOW NON-ALLOYED AND ALLOYED CONTACT
RESISTANCE USING AN InAs CAP LAYER ON InGaAs BY
- MOLECULAR BEAM EPITAXY

by
C. K. Peng, J. Chen, J. Chyi, and H. Morkog
University of Illinois at Urbana-Champaign
Coordinated Science Laboratory
1101 W. Springfield Avenue
Urbana, IL 61801

ABSTRACT

Extremely low alloyed and non-alloyed ohmic contact resistances have been formed on n-type
InAs/Ing s3Gag47As /Ing s3Alg 4sAs structures grown on InP(Fe) by molecular beam epitaxy. To
insure the accuracy of the small contact resistances measured, an extended Transmission Line
Model was used to extrapolate contact resistances from test patterns with multiple ga.pvspa.cings
varying from 1 pm to 20 um. For a 150 A thick InAs layer doped to 2 x 10!3 cm=2 and a 0.1 ym
thick InGaAs layer doped to 1 x 10'® cm~3, a specific contact resistance of 2.6 x 102 Q*cm? was
measured for the non-alloyed contact, while a resistance less than 1.7 x 10-% Q*cm? is reported
for the alloyed contact. Conventional Au-Ge/Ni/Au was used for the ohmic metal contact and
alloying was performed at 500 °C for 50 seconds in flowing H,. Using a thermionic field emission

model, the barrier height at the InAs/InGaAs interface was calculated to be 20 meV.

Reference #424
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DETERMINATION OF BAND OFFSETS IN AlGaAs/GaAs
AND InGeAs/GeAs MULTIPLE QUANTUM WELLS.

G. Ji. D. Huang. UK. Reddy. H. Unlu. T.S. Henderson and H. Morkoe
Coordinated Science Laboratory
University of Illinois at Urbana
1101 W. Springfield Ave.
Urbana. 1L 61801

ABSTRACT
The determination of valence band offsets Q, by fitting the optical transmission spectra for

A1,Gay_,2,/GaAs and In,Ga;-,As/GaAs multiple quantum wells (MQWs) is discussed. The valence
band offset Q, is defined as Q, = AE,/(AE, + AE,) . where AE, and AE, are the valence and conduc-
tion band discontinuities at the heterojunction. For Al,Ga;.,As/GaAs (Type I for both heavy holes
and light holes. i.e. electrons. beavy holes and light holes are located in the same layers) the energy
separation AE between the first light and heavy hole subbands in the valence band is used to deter-
mine the valence band offset Q,. In order to improve the precision. MQWs with narrow well
widths and higher Al mole fraction "z’ should be used. Further. the inclusion of coupling between
the valence and conduction subbands in Kane’s three-band model is also egsential. However, Q, is

still not determined uniquely by the above energy difference AE. Different combinations of Q, and
beavy hole effective masves m,, in GaAs can lead 10 the same AE. The forbidden transition E, 4, in o
narrow well can be used 1o identify the actual values of m,, and Q,. (The designation E o\ refers
10 the energy separation of the n-th conduction subband and m-th beavy (light) bole subband.)
Following such a procedure, we find that Q, = 0.33 and m,;, = 0.34m, for AL,Gs,_,As/GaAs MQWs
(x < 0.37).

For In,Ga),—yAs MQWs (Type I for heavy holes and Type Il for light holes, i.e. both electrons
and beavy holes are located in the same layers. but the light holes are in different layers), the tran-
sition energies between the conduction subbands and the light hole valence subbands are much
better parameters 1o determine the band offsets in comparison with the transitions involving the
heavy holes. Both the optical measurements and the calculations including the strain effect show

that E;;, between the first conduction subband and the first light hole valence subband in the

Referencs #374
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Optical Investigation of Highly Strained
N
]
f::::_ InGaAs-GaAs Multiple Quantum Wells
:;:‘..‘ ) . U
KX 2 G. Ji, D. Huang, UK. Reddy. T.S. Henderson, R. Houdre and H. Morkoc
A/ .
B
DA
':':‘k University of Illinois at Urbana-Champaign
\
's:;:o; Coordinated Science Laboratory
'é"'|.
)
:;{:’3 1101 W. Springfield Ave.
RO
o Urbana, Illinois 61801
(.
ARUA
b
‘ol
,E: 'ﬂ'-j Abstract
Loy
.. )
":-_ Low temperature optical transmission spectra of several In,Ga,;_,As/GaAs strained multiple
N
' ‘E: quantum wells (MQWs) with different well widths and In mole fractions have been measured.
Ay Ay
Jere The excitonic transitions up to 3C-3H are observed. The notation nc - mH (L) is used to indicate
i
e the transitions related to the n-th conduction and m-th valence heavy (light) hole subbands. Step-
LR
0 A like structures corresponding to band-to-band transitions are also observed, which are identified as
"
i
)' 1C-1L transitions. The calculated transition energies. taking into account both the strain and the
:,. '-\_' quantum well effects, are in good agreement with the measured values. In these calculations the
el .
. 'neS lattice mismatch between the GaAs buffer and the InGaAs/GaAs MQW is taken into account and
LW
3 the valence band offset Q, is chosen as an adjustable parameter. By fitting the experimental results
iy
:::::: to our calculations, we conclude that the light holes are in the GaAs barrier region (Type Il MQW)
e
(N
% and the valence band offset Q, is determined to be 0.30. A possible system in which the transition
4
D)
° from Type I to Type II for light holes might be observed is also discussed.
N
o
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. Interband Transitions in In,G:,_ As/GaAs
I ) Strained Layer Superlattices

¥

L U.K. Reddy. G. Ji. T. Henderson, D. Huang, R. Houdre and H. Morkoc
',. .

1%:' : University of Illinois at Urbana-Champaign
B Coordinated Science Laboratory

s 1101 W. Springfield Ave.

- Urbana, Illinois 61801

A Cole W. Litton

K

' AFWAL/AADR,. Bldg. 620

‘,:i‘ Avionics Laboratory

(“ Wright-Patterson AFB, Obio 45433
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v
i
" Room temperature photoreflectance (PR) measurements have been used to investigate the opti-
» ‘ : -
:.! cal transition energies in In,Ga,_,As/ GaAs Strained layer superlattice structures grown by molec-
:: ular beam epitaxy (MBE). Sharp PR features indicating excellent optical quality of these MBE
; grown structures were observed. The transition energies were calculated and PR spectra fitted to
X e
0
g the theoretical lineshape expression. By observing the variation of C1-Lbl (where C1 is the first
:3' conduction subband in InGaAs layers and Lbl is the first light-hole subband in the GaAs layers)
':):' Type Il superlattice transition, which cannot be observed with photoluminescence even at low tem-
'»
VQ ]
peratures. a conduction band discontinuity of 70% was obtained. Further, an important outcome of
:: this study is the observation of strong PR features from the spatially indirect C1-Lbl transition
)"
N which indicates that the modulation of band-to-band transitions can be a dominant PR lineshape
)
» determining mechanism.
v
"
:
R PACS numbers 78.65-S, 78-65-Fa Reference #3384
R
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Characterization of Pseudomorphic InGaAs/AlGaAs MODFET Structures
Grown by Molecular Beam Epitaxy

T. Henderson, U.K. Reddy, G. Ji, H. Morkog,
Coordinated Science Laboratory
University of Illinois at Urbana-Champaign
1101 W. Springfield Ave., Urbana IL 61801 USA (217) 333-8308

) N. Otsuka
Department of Materials Science, Purdue University
West Lafayette, IN 47907

InGaAs/AlGaAs pseudomorphic MODFETs have been the focus of a great deal of
attention lately because of their superior DC and microwave performance.
Because of the enormous potential of these devices, important parameters, such
as InGaAs layer thickness and mole fraction must be optimized.

Pseudomorphic MODFET structures were grown by MBE on undoped GaAs
substrates. A typical structure had a lum unintentionally doped GaAs buffer,
followed by an InyGai-yAs quantum well of thickness between 35A(y=.30) and
200R(y=.15 or less), a 308 undoped ALisGassAs spacer region, 350X of
ALisGassAs doped n=3x108/cm?, and a 2008 GaAs cap also doped n=3x10'/cm?.
Layers with In mole fractions above 0.20 also had 0.lum AlisGa.ssAs layers 1008
before the quantum well to better confine the quantum states in the well.

One micron gate devices were fabricated using standard photolithographic
techniques. DC measurements at 300 and 77K show that performance seems to
peak around a mole fration of .15-.20, with 300K intrinsic transconductances of
330mS/mm and 370mS/mm for .15 and .20, respectively; both had threshold voltages
around -.30V and peak current densities around 280 mA/mm. However, layers with
higher mole fractions, 0.25 or more, must have InGaAs layers 100R or thinner to
prevent the formation of dislocations. Device performance degrades with
increasing mole fractions above 0.20; for example, for a sample with an In mole
fraction of 0.30 (35X thick because of the high mole fraction), an intrinsic
transconductance of only 230mS/mm was obtained at 300K, with a threshold
voltage of -.60V and a peak current density of 230mA/mm.

Hall measurements and optical measurements confirm the device results.
Measurements on the sample with a mole fraction of 0.30 (and others with mole
fractions greater than or equal to 0.25) may indicate increased surface
roughness scattering, alloy scattering, and conduction in the AlGaAs (higher
energy levels have wave functions that spill into the AlGaAs more), leading to a
77K mobility of 3,700cm?/V-sec, and a sheet carrier concentration of
2.6x10'/cm?, a very low value for electron mobility in a pseudomorphic MODFET,
even taking into account the high measured carrier concentration.
Photoreflectance measurements confirm these results; this layer had only one
photoreflectance transition below the GaAs bandgap energy (at 1.380eV,
tentatively identified as a ground state conduction subband to heavy hole
transition), whereas a pseudomorphic MODFET with a 200&8 In.sGa.ssAs quantum well
had four transitions below this energy (at 1.252eV, 1.266eV, 1.291eV, and 1.342eV,
tentatively identified as first conduction subband to first and second heavy hole
subbands, second conduction subband to second heavy hole subband, and third
conduction subband to third heavy hole subband transitions). Clearly, thin
quantum wells, necessary with mole fractions in the .25-.30 range, result in
higher subband energies, as energies have a dependence on well thickness as well
as well depth; further, doubling the In mole fraction from .15 to .30 necessitates
decreasing the well thickness by more than a factor of two. This yields lower
2DEG concentrations and degraded device performance. The presentation will

detail the effects of InGaAs layer thickness and mole fraction, with an emphasis
on optimizing device performance.

Reference #416
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®
‘ Excitonic Absorption in Modulation Doped
GaAs/AlGaAs Quantum Wells
& D. Huang, H.Y. Chu.’ Y.C. Chang.’ R. Houdre and H. Morkoc
A
University of Illinois at Urbana-Champaign

it : 1101 W. Springfield Ave.
.\

% . Coordinated Science Laboratory
N Urbana, [llinois 61801
R

W Abstract
." We have performed transmission measurements in a range of undoped through heavily modu-
3z )’i

? lation doped GaAs/AlGaAs multiple quantum well structures (MQWS). The observed absorption
£

AT T
S

spectra demonstrate quenching of the excitonic oscillations with increasing quasi-two-dimensional

electron gas. The electron density corresponding to the total bleaching of the lowest excitonic oscil-

P

-

.

b
X

lation is greater than or equal to 3 X 101em™ for a quantum well size of 200A Theoretical calcu-

] .

lations of the absorption spectra which include the effect of carrier screening have been made.

CoY

From the observation that the linewidth increases with the electron density. we demonstrate that

W the exciton lifetime reduces due to the interaction between the electrons and the excitons.
4t

g « Materials Research Laboratory, 104 S. Goodwin, Urbana, lllinois, 61801
‘ : pacs # 78.65.-s. 73.40.1Lq
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InGaAs/GaAs STRAINED LAYER MQW ELECTROABSORPTION
OPTICAL MODULATOR AND SELF-ELECTROOPTIC EFFECT

DEVICE

Abstract. We observed a clear excitonic absorption effect at room temperature in
MBE-grown In,Ga,.,As/GaAs strained layer Multiple Quantum Well structures and fab-
ricated optical p-i-n modulators on the same stmctﬁru. A change of 27% in the trans-
mission , corresponding to a change in the absorption coeflicient of 2260 cm=*, with 6 volt
reverse bias voltage and at 9710 A wavelength was measured. We also operated the mod-
ulator as a Self-Electrooptic Effect Device, resulting in a non-linear optical input-output

characteristic.

W. Dobbelaere December 11 1987
S. Kalem

D. Huang

M. S. Unld

H. Morkog

University of Olinois at Urbana-Champaign
Coordinated Science Laboratory
1101 W. Springfield Avenue

Urbana,IL 61801
Reference #430
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< Optical Transitions Involving Unconfined Energy
‘. 4] )

e States in InGaAs/GaAs Multiple Quantum Wells

. G. Ji, W. Dobbelaere. D. Huang and H. Morkoc
‘; : University of Illinois at Urbana-Champaign
;:,‘! Coordinated Science Laboratory

Ly 1101 W. Springfield Ave.

Urbana, IL 61801
i

bl Optical transitions between the unconfined electron and confined hole states in highly strained
;:;: In,Ga,_,As/GaAs multiple quantum wells (MQWs) have been oﬁ;rved in photoreflectance (PR)
) spectra. In some samples as many as seven structures above the GaAs barrier signal were present.
., We identify them as unconfined transitions between the unconfined electron states and the confined
. heavy hole states. At energies lower than that associsted with the GaAs signal, intense transitions
- corresponding to such unconfined transitions were also observed, which cannot be explsined by
Z ! . transitions between confined states. The intensities of the unconfined transitions decrease with
‘;“:‘. increasing well widths, but are weakly dependent of the mole fraction x. The transmission
coeficients are calculsted in order to locate the positions of the unconfined subband energies. Good

3 agreement is obtained between the experimental data and the theoretical calculation.
) ‘..

® PACS numbers 78-65-3, 78-65-Fa
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Investigation of GaAs/(AL,Ga)As Multiple Quantum Wells
Grown on Ge and Si Substrates by Molecular Beam Epitaxy

U.K. Reddy. R. Houdre G. Munns, G. Ji. and H. Morkoc
University of Illinois at Urbana-Champaign
Coordinated Science Laboratory
1101 W. Springfield Avenue
Urbana, Illinois 61801

M. Longerbone and L. Davis
Perkin Elmer MBE
6509 Flying Cloud Drive
Eden Prairie, MN 55344

B.P. Gu and N. Otsuka
School of Materials Engineering

Purdue University

West Lafayette, Indiana 47907

ABSTRACT

We report the first pl..toreflectance studies on GaAs/(Al.Ga)As muitiple quantum wells

grown on Si and Ge substrates. The sharp spectral features observed from various subband transi-

o tions indicate that good epilayer quality can be obtained on non-polar substrates using suitable
o growth techniques. The experimental results agree well with calculated values based on the
envelope function approximation. when the effect of residual strain resulting from the large

difference in thermal expansion between GaAs and Si is taken into account.
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Investigatioa of G‘A'/Alxa‘l-xA'

sad InyGnl_yAchaAs

Superlattices on Si Substrates
- U.K. Reddy, G. Ji, D. Busng, G. Nusns, and H. Norkog

University of Illinois st Urbans-Champsign
Coordinated Science Ladboratory
1101 V. Springfield Avenus
Usbans, IL 61801

Abstract

We bhsve studied for the first time the optical properties of
Gads/Al _Gsy__As lattice mstohed and Inyﬂcl_,Atlechs strained lsyer superlst-
tices grows on Si substrates by photoreflectance. These preliminary results
show that good quality epilayers from different III-V semiconductors cam be
grova on Si indicating the possibility of nevw device materials besides their
importsnce in fundamental !.l.ltch.‘ The experimental dats wers compared with
calculations bdased om envelope-fumction aspproximation and fit to thirzd-

derivative functional form of reflectance modulation theory.




Characteristics of P-GaAs/n-Si Heterojunctions

by

T. Won. G. Munns, M.S. Unlu, . Unlu,
J. Chyi. and H. Morkoc

Coordinated Science Laboratory
University of [llinois

1101 W. Springfield Avenue
Urbana. Illinois 61801

Abstract

We have studied the electrical characteristics of P-GaAs/n-Si heterojunction diodes grown by
molecular beam epitaxy (MBE) in an effort to investigate the quality of the heterointerface. Both
Ga and As prelayers were used 10 initiate the growth of GaAs epilayers on Si substrates. Current-
voltage and capacitance-voltage measurements were made between 300K and 83K. Ideality factors
for heterojunction diodes were as good as n = 2.0 despite the 4.1% lattice mismatch between Si and
GaAs. At high temperatures the I-V characteristics were dominated by generation-recombination
mechanisms which lead to a temperature-independent logarithmic slope with applied bias. By
removing a thin layer from the Si surface the surface leakage current was reduced by more than an
order of magnitude. The measured intercept voltages. as determined by capacitance-voltage meas-
urements. have no strong dependence on the type of prelayer used to initiate the growth of the
GaAs epilayer on Si substrates The maximum spread in measured intercept voltages was about 1

volt. the absolute value of which depends upon the condition of the interface.
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Nearly Ideal p/n Junctions Between GaAs and Si (100) -
M. S. Unlu, G. Munns, J. Chen, T. Won, H. Unlu and H. Morkoc®
University of Illinois
1101 W. Springfield Avenue
Urbana, Illinois 61801-3082
G. Radhakrishnan and J. Katz
Jet Propulsion Laboratory
Pasadena, California 91109
D. Verret
Texas Instruments
Houston, Texas 77001
ABSTRACT
Electrical characteristics of GaAs(p)/Si(n) interface, both
as-grown and annealed at 850°'C for 20 minutes in 10% forming gas
under As, overpressure, were studied by current-voltage (I-V),
capacitance-voltage (C-V), and secondary ion mass spectroscopy
(SIMS) measurements and compared to those of GaAs(p) epitaxial
layers on GaAs(n) substrates. After annealing, ideality factors
greater than 2 obtained on Si and GaAs substrates dropped to 1.5

while the apparent built-in voltage, as determined from C-V

measurements, enhanced from 2.5 to 1.2V on Si substrates and from

1.1 t0 1.2V on GaAs substrates. In addition, the excess current in

o, the forward and reverse bias conditions dropped drastically. No
[

;qﬁ movement of the metallurgical junction was observed within the
AL &

*On leave of absence at California Institute of Technology (and the
' Jet Propulsion Laboratory), Pasadena, CA 91125
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GaAs-Si Heterojunction Bipolar Transistor
J. Chen, T. Won, M.S. Unlu, and H. Morkoc

University of Illinois at Urbana-Champaign
1101 West Springfield Avenue, Urbana, Illinois 61801

D. Verret
Texas Instruments, Houston, Texas 77001

Abstract

A GaAs/Si heterojunction bipolar transistor (HBT) structure is proposed having application
for high frequency operation. The structure combines the high frequency capability of the
GaAs/AlGaAs system with the advanced processing technology of Si. The proposed device consists
of n-AlGaAs/p-GaAs emitter and base layers on an n-Si collector with improved junction charac-
teristics at the GaAs/Si heterointerface afforded by thermal annealing. This novel device structure
combines the advantages associated with a wide bandgap AlGaAs emitter, the high electron mobil-
ity of GaAs, and the substantial reduction in device parasitics accorded the seif-aligned structure.
Additionally, the proposed device offers the possibility of planar GaAs processing. Using a compact
transistor model, calculations of the high speed capability of this transistor are presented. For an
emitter-base junction area of 1 um x § um, optimized f,,, = 108 GHz and f,,, = f; = 89 GHz were

computed for the GaAs/Si HBT., compared to 76 GHz and 62 GHz, respectively. for equivalent
GaAs/AlGaAs HBTs.

Reference #420
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Do High Speed Performance of InP/In, s3Gag 1As/InP

|‘l
U
:::3 ‘ . Double Heterojunction Bipolar Transistors
-
5 .
.\
a‘::'
..g:.:‘g T. Won and H. Morkoc
\
L)
“ Coordinated Science Laboratory
: 'ﬁ: University of Illinois
A
1101 W. Springfield Ave.
D 3
Wy Urbana, IL 61801
i

-

Abstract

@ L7 %7,
R T

(A

OO

A theoretical comparison of Ing s3Gag47As/InP and Al 3Gag ,As/GaAs heterojunction bipolar

-

transistors has been undertaken in an effort to determine the relative merits of these material sys-

..
e ]
LU A S

tem. The analysis uses a compact transistor model and considers devices with self-aligned

. ’.‘"'. ‘.‘

e
B

geometries including both extrinsic and intrinsic parameters. The high electron mobility in the

7

N Ing 53Gay 47As base layer and high peak velocity of electrons in the collector depletion layer result
» in a current gain cutoff frequency in excess of 150 GHz for an InP/Ing ;Gag ¢7As transistor with
-?*:; base thickness of 0.1 um. Calculation revealed, however, that maximum oscillation frequency is

strongly dependent on the contact resistance of the p-type base layer even for self-aligned base

2
g

.." transistor. A maximum cscillation frequency of 138 GHz is theoretically predicted for an
e InP/Ing 53Gag 47As transistor with base thickness of 0.06 um. base doping of 1 x 102%m™, a p-type

WP contact resistance of 1.0 x 10~ Q cm?, a current density of 5 x 104 A/cm?, and a Vg of 5 volt.
5

Reference #421

..""\'4 X

. — ‘ QY WA iy
N y ™ J SO00) OO0 QOO W n X8 (WX ¥ I




. wveerarTETTEST TR T IR T P RrY RT TR R TR TR VR TG Y i a ke bbb dd R —— =TT
o

1"‘

R

[ ] . 24
5.:::: :

:EE‘P. An Ing 52Aly (sAs/Ing s3Gag 47As Double Heterojunction Bipolar Transistor

b .'

:: X . with Non-alloyed Ohmic Contact

s

(" . Using n*-InAs Cap Layer

[

L)

i

B¢ M, a by

X

)

N T. Won, C.K. Peng, and H. Morko¢

; ::J

o

] Coordinated Science Laboratory

20N
( University of Illinois-

s

N .

;’_\-_ 1101 W. Springfield Ave.

’I

:-"'. Urbana, I[L. 61801

W)

®

Lo Abstract

::; We have investigated non-alloyed ohmic contacts on IngsyAlg(3As/Ing s3Gag 47As double
DA,
f 3 heterojunction bipolar transistors (DHBTs) using an n*-InAs emitter cap layer grown by molecular
:: beam epitaxy(MBE). Specific contact resistances of 1.8 x 107 and 1.3 x 107 Qcm? have been
o

:‘E measured for the non-alloyed emitter and base contacts, respectively. Non-alloyed contacts have

led to I-V characteristics that are more uniform from device 1o device than those obtained with

3

alloyed contacts. The offset voltage of the common emitter output characterisitics, which arise

2

from the asymmetry of emitter and collector junction turn-on voltages, is less than 50 mV, and the

Xy
[

P

°:

common emitter current gain is around 1,300, maximum being 1,500, at a collector current density

%4

of 2.7 x 10® A/cm?. To our knowledge, these are the highest current gain obtained in this HBT

N

<

A
&

N _‘(_

structure prepared by MBE.
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Enhanced Ballistic Transport
\
: in InGaAs/InAlAs Hot Electron Transistors
Y | . J. Chen, U. K. Reddy, D. Mui, C. K. Peng, and H. Morkos
s
1'
» University of Illinois at Urbana-Champaign
\
. Coordinated Science Laboratory )
)
" 1101 W, Springfield Avenue
)
r Urbanas, IL 61801
§
'y Abstract
)
h, Hot electron transistors fabricated using a 600 A InGaAs base and 500 A InAlAs barrier have
(
shown peak ballistic common base current gain of 0.82 at 77 K despite the large injection energies.
3 Reduction of injection energies by lowering the emitter and collector barriers should lead to even
: higher ballistic transport ratio due to the reduced I'=L scattering.
5 ,
K
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Inter. Symp. on GaAs and Related Compounds, September 28-October 1, 1986, Las Vegas,
Nevada, Institute of Physics Conf. Series 83, Chapter 8, pp. 557-562.
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34, pp..4419-4422, 1986.
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337. M. I. Aksun. H. Morkoc. L. F. Lester, K. H. G. Duh. P. M. Smith, P. C. Chao. M. Longer-
bone. and L. P. Erickson, "“"Performance of Quarter Micron GaAs Metal Semiconductor

Field Effect Transistors on Si Substrates,” IEDM Tech. Digest, December 8-10, Los
Angeles, Ca, pp. 752-754, 1986.

338. T. Henderson, M. I. Aksun, C. K. Peng. H. Morkoc¢, P. C. Chao, P. M. Smith, K. H. G.
Dub. and L. F. Lester, “Power and Noise Performance of the Pseudomorphic Modulation

Doped Field Effect Transistor at 60 GHz,” IEDM Tech. Digest, December 8-10, Los
Angeles, CA pp. 464-466. 1986.
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tron Effect in Gallium Arsenide and Indium Gallium Arsenide,”” /EEE Trans. Electron
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340. D. Gammon. R. Merlin, and H. Morko¢. “Magnetic Field Enhanced Raman Scattering by
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Comm., vol. 35, pp. 2552-2555, 1987.
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GaAs/(Al,Ga)As Multiple Quantum Wells by Photoreflectance,” J. Appl. Phys., vol. 62,
pp. 145-151 (July 1, 1987). '

342. M. I. Aksun and H. Morkoc. “Characteristic of Shielded Microstrip Lines on GaAs-Si at
Millimeter-Wave Frequencies,” in Proc. of Picosecond Electronics and Optoelectronics, C.
H. Lee, F. J. Leonberger. F. Capasso, and H. Morkoc, eds.

343. A. Mysyrowicz, D. Hulin, A. Migus, A. Antonetti. H. M. Gibbs, N. Peyghambarian, and
H. Morkoc. “High Speed Phenomena in GaAs Multiple Quantum Wells,” in Proc. of Pi-

cosecond Electronics and Optoelectronics, C. H. Lee, F. J. Leonberger, F. Capasso, and H.
Morkoc, eds. (invited.

344. J. Chen, U. K. Reddy. D. Mui, and H. Morkoc “Enhanced Ballistic Transport in

InGaAs/InAlAs Hot Electron Transistors.” Appl. Phys. Lett., Vol. 51, pp. 1254-1255
(1987).

345. U. K. Reddy. R. Houdre G. Munns, G. Ji, H. Morkoc. M. Longerbone. L. Davis, B.P. Gu,
and N. Otsuka, “Investigation of GaAs/(A1,Ga)As Multiple Quantum Wells Grown on Ge

and Si Substrates by Molecular Beam Epitaxy.”” J. Appl. Phys., Vol. 62, pp. 4858-4862
(1987)

346. P. W. Yu, D. C. Reynolds. K. K. Bajaj, C. W. Litton, D. Huang. and H. Morkoc, “QObser-
vation of Monolayer Fluctuations in the Excited States of GaAs/AlGaAs Multiple Quan-

tum Well Structures Using Photocurrent and Reflection Spectroscopics.” Solid State
Comm., vol. 62, pp. 41-44 (1987).

347. A. J. Nozik, B. R. Thacker, J. A. Turner, J. Klem, and H. Morkoc. “"Photocurrent Spec-

troscopy of Lattice-Matched Superlattice Electrodes in Photoelectrochemical Cells.”” Appi.
Phys. Lett., vol. 50. pp. 34-36. 1987.
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348. M. L. Aksun, C. K. Peng. A. A. Ketterson, H. Morkoc. and K. R. Gleason. “High Frequen-

cy Modulation Doped Field Effect Transistors in InAlAs/InGaAs/InP Material System,”
IEDM Tech. Digest, Dec. 8-10, Los Angeles. CA pp. 822-825, 1986.

349. M. I. Aksun and H. Morkoc. “GaAs on Si as a Substrate for Microwave and Millimeter-
Wave Monolithic Integration.” /EEE Trans. on Microwave Theory and Techniques, in
print.

350. J. Klem. D. Huang, H. Morkoc. Y. E. lhm, and N. Otsuka, “Molecular Beam Epitaxy

D' Growth and Low Temperature Optical Characterization of GaAsosSbys on InP,” Appl.
,.“ Phys. Lett., vol. 50, pp. 1364-1366 (1987).
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‘: % 352. C. K. Peng. S. Sinha. and H. Morkoe. “Characterization of Graded Interface
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taxy.” J. Appl. Phys., Vol. 62, pp 2880-2884 (1987).
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el copy of Epitaxial GaAs on Si.”” Appl. Phys. Lett., Vol. 51, pp. 599-601 (1987).
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o 356. P. Roblin, S. C. Kang, A. Ketterson, and H. Morkoc, “Analysis of MODFET Microwave
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\'- 357. D. C. Reynolds. K. K. Bajaj. P. W. Yu, H. Morkoc. L Shidlovsky. K. Alavi, anc C. Col-
b vard, "Determination of Interface Microstructure From High Resolution Excitonic Spectra
; '\f_- { in GaAs/AlGaAs Multi Quantum Wells,” J. Appl. Phys., Vol. 62.
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;-"- 358. T. Won. G. Munns, M. S. Unlu, H. Unlu, J. Chyi. and H. Morkog, “Characteristics of P-
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- (1987).
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':_-.': 359. UK. Reddy. G. Ji. D. Huang. G. Munns, and H. Morkoc. “Investigation of
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".' - Lett., vol. 50 (24). pp. 1748-1750 (June 15, 1987).
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D. Hulin, A. Antonetti, A. Migus, A. Mysyrowicz, H. M. Gibbs, N. Peyghambarian, W.
T. Masselink, and H. Morkoc. “Subpicosecond Optical Nonlinearities in GaAs Multiple
Quantum Wells,” Ultrafast Phenomena V., Ed. G. R. Fleming and A. E. Siegman, Springer
Series in Chamical Physics, vol. 46, 1986.

V.V Gridin. R. Beserman, Y. L. Khait. and H. Morkoc, “‘Laser Energy Dependence of the
Phonon Frequencies in Thin GaAs/AlAs Superlattices.”” Phys. Rev. Lert., pending.

R. Beserman. V. V. Gridin, V. P. Jain, and H. Morkoc, “Electron Phonon Coupling in
GaAlAs.” Phys. Rev. B, pending.

U. K. Reddy. G. Ji. R. Houdre H. Unlu, D. Huang, and H. Morkoc, “ Study of
GaAs/AlGaAs and InGaAs/GaAs Multiple Quantum Wells Grown on Non-polar Sub-
strates by Photoreflectance.” Spie Proc. on Modern Optical Characterization Technigues for

Semiconductors and Semiconductor Devices, Bay Point, FL, March 23, 1987, Vol. 794 pp.
116-120, 1987. )

D. Huang, G. Ji. U. K. Reddy. and H. Morkoc. “Photoreflectance Spectra of Al,Ga,_,As.”

SPIE Proc. on Growth of Compound Semiconductor Devices, Bay Point. FL, Vol. 796. pp.
18-21, March 23, 1987.

M. J. Junnarhar, K. Shum, S. Chao, R. R. Alfano, and H. Morkoc. “Energy Relaxation
and Diffusion of Photoexcited Carriers in Symmetric and Assymetric Quantum Well
GaAs/AlGaAs Structures.”” SPIE Proc. on Ultrafast Lasers Probe Phenomena in Bulk and

Microstructure Semiconductors, Bay Point, FL, March 23, 1987. (invited), Vol 793, pp.
6-18, 1987.

D. Oberli, D. Wake, M. V. Klein, T. Henderson, and H. Morkoc, ““Time Resolved Raman
Scattering in GaAs Quantum Wells,” SPIE Proc. on Ultrafast Lasers Probe Phenomena in
Bulk and Microstructure Semiconductors, Bay Point, FL, March 23, 1987, (invited). Vol.
793. pp. 58-62, 1987.

J. Klem., D. Huang. H. Morkoc. and N. Otsuka, “Growth and Characterization of
GaAs;_,Sb, on InP by Molecular Beam Epitaxy.” SPIE Proc. on Growth of Compound Sem-
iconductor Devices, Bay Point, FL. March 23, 1987, Vol. 796, pp. 18-21, 1987.

R. Houdre G. Munns. H. Morkoc. C. Choi. N. Otsuka, S. L. Zhang, D. Levi, and M. V.
Klein, “Dislocation Reduction via Annealing of GaAs Grown on Si Substrates.,” SPIE

Proc. on Growth of Compound Semiconductor Devices, Bay Point, FL, March 23. 1987, Vol.
796. pp.27-31. 1987.

C. K. Peng and H. Morkoc. "MBE Growth and Characterization of Lattice Matched and
Strained Channel In,Ga,_,As/In,Al;_,As Modulation Doped Structures on InP,” SPIE

Proc. on Growth of Compound Semiconductor Devices, Bay Point, FL, March 23, 1987, Vol.
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